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NC-ND license (http://creativecommoSummary Background: This study aims to analyze the contact areas and pressure distribu-
tions between the femoral head and mortar during normal walking using a three-
dimensional finite element model (3D-FEM).
Methods: Computed tomography (CT) scanning technology and a computer image processing
system were used to establish the 3D-FEM. The acetabular mortar model was used to simulate
the pressures during 32 consecutive normal walking phases and the contact areas at different
phases were calculated.
Results: The distribution of the pressure peak values during the 32 consecutive normal walking
phases was bimodal, which reached the peak (4.2 Mpa) at the initial phase where the contact
area was significantly higher than that at the stepping phase. The sites that always kept con-
tact were concentrated on the acetabular top and leaned inwards, while the anterior and pos-
terior acetabular horns had no pressure concentration. The pressure distributions of
acetabular cartilage at different phases were significantly different, the zone of increased
pressure at the support phase distributed at the acetabular top area, while that at the step-
ping phase distributed in the inside of acetabular cartilage.
Conclusion: The zones of increased contact pressure and the distributions of acetabular con-
tact areas had important significance towards clinical researches, and could indicate the
inductive factors of acetabular osteoarthritis.
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Table 1 Material properties of finite element model.
Material Elastic modulus Poisson’s ratio
Cortical bone 17 Gpa 0.3
Cancellous bone 100 Mpa 0.2
Cartilage 11.85 Mpa 0.45
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The acetabular joint is the main joint used in weight-
bearing walking, carrying the pressure distributions of body
weight, therefore, it is the key factor during the develop-
ment of joint diseases, and the abnormal mechanical
mechanism of articular cartilage is one of the main causes
of osteoarthritis.1e4
Therefore, it is necessary to assess the contact pressure
distributions and the peak values on the surface of the
joint. Understanding the contact pressure distributions of
the acetabular joint could help to understand the me-
chanical mechanisms of normal acetabulum and the path-
ological processes of articular cartilage under abnormal
loadings.5 Furthermore, assessing the contact pressure in
daily activities would provide functional knowledge for
preoperative planning and postoperative rehabilitation.
Since the beginning of the 1980s, researchers have
conducted in vitro experiments and analysis on the
maximum pressure of the acetabular joint.6e8 In vivo ex-
periments were also conducted, where researchers used
the femoral head prosthesis, which was implanted with a
pressure sensor, to analyze the acetabular maximum pres-
sure during walking and when standing from seated. These
maximum pressures changed over time during different
active processes.9e11 Though these acetabular pressure
measurements could be performed accurately, it is still
difficult to maintain the conditions under physiological
status in in vitro experiments, and it is prohibited to
implant pressure sensors into the human body in in vivo
experiments.
Although the above researches obtained an insight of
acetabular functions, there was no report about the char-
acteristics of the contact area and contact pressure dis-
tribution during the entire normal walking cycle.
Furthermore, these experiments were invasive and expen-
sive, and multiple simulations in one single sample were
impossible.
In recent years, finite element model (FEM) analysis has
become the most widely used method for biomechanical
analysis because it can perform high-precision simulation
and accurate analysis of the complex structures of human
organs.2,3,12 In addition, FEM is noninvasive, low cost, and
reusable when studying joint pressure. The purpose of this
study was to firstly establish a three-dimensional (3D)-FEM
of the acetabular joint, then preliminarily study the con-
tact pressure distributions and contact areas of the




One healthy male adult volunteer (male, 40 years old,
62 kg, 170 cm) was selected, and underwent pelvic scan-
ning with SOMATOM Volume Zoom multislice spiral CT
(Siemens Medical Solutions, Germany) in January, 2016.
The bone tissue window was scanned with a slice thickness
of 0.6 mm to obtain the digital imaging and communications
in medicine (DICOM) images of faults. The parameters ofPlease cite this article in press as: Wang G, et al., Three-dimensiona
during normal walking, Asian Journal of Surgery (2016), http://dx.doithe pelvis were as follows: femoral head radius, 27.5 mm;
pelvic height, 23.1 cm; and pelvic width, 29.2 cm. This
study was conducted in accordance with the declaration of
Helsinki. This study was conducted with approval from the
Ethics Committee of Southern Medical University, Shenz-
hen, China. Written informed consent was obtained from
the patient.2.2. Establishment of 3D-FEM
Following the CT scan to obtain the DICOM images of
acetabular faults, the DICOM data and Mimics16.0 software
(Materialise Co., Belgium) were then used for the 3D
reconstruction, combined with FEM analysis software
PATRAN 2010 (MSC Software Co., USA). The 3D-FEM of the
acetabulum was then established (Table 1 and Figure 1); a
total of 113,028 units and 137,524 nodes were divided, and
the material properties were obtained from related foreign
literatures.12,13
On the basis of the 3D-FEM of the acetabulum, we
assumed the femoral head and the acetabulum were
spherical, and their articular cartilages were concentric
circles, with the acetabular center point consistent with
that of the femoral head. This meant the cartilage
coverage on the acetabular surface could be determined,
and the acetabular fossa had no cartilage coverage.
Therefore, the possible 3D acetabular contact surface
could be obtained, which was considered as uniform, and
conventional mesh could be used to replace the acetab-
ular contact surface. The diameter of the intermediate
surface of the articular cartilage was the median value of
the diameter between the acetabulum and the femoral
head. Because the contact areas and the peak pressures
would be involved in the mesh densities of the contact
surface, the articular cartilages were further finely
divided into 19,206 four-node tet10 mesh units to express
the possible contact areas (Figure 1), which would not
overly increase the calculation, but would express a
smooth surface.2.3. Forces on femoral head and mortar
Pedersen et al13 detected the forces on the femoral head
and mortar with an acetabular prosthesis equipped with
electrical devices during normal walking (Figure 2). We
used these data and calculated the relationship between
the femoral head and mortar among 32 consecutive walking
phases. The walking speed of the reported gait cycle was
0.89 m/s.13l finite analysis of acetabular contact pressure and contact area
.org/10.1016/j.asjsur.2016.07.002
Figure 1 The finite elements of the acetabulum were sub-
meshed precisely. XYZ direction is represented by three
different sections.
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Under normal conditions, acetabular cartilage areas could
represent the possible acetabular contact areas. This surface
was consistent with that of the acetabulum when unloaded
and not deformed. However, the contact area of the
acetabular top would change due to the changes of physio-
logical loadings of the acetabulum during the calculation and
analysis processes. The average elastic modulus of the
articular cartilage was 11.85 MPa, Poisson’s ratio was 0.45,
and the flat thickness of the articular cartilage was 2.66 mm,
and this study designed the friction coefficient of the carti-
lage as 0. We hypothesized that the compressive elasticity of
the entire acetabular cartilage surface was the same.12,13 In
the 3D-FEM, the node at sacroiliac joint was fixed to simulate
the support of the sacrum, and the elastic boundaryFigure 2 Gait cycle evaluation points. Acetabular contact force
contact force and its relatively large superiorly directed compone
pattern (to which they are related). The vertical component domi
components are substantial.
Please cite this article in press as: Wang G, et al., Three-dimensiona
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that the forces could be loaded from the center of the
femoral head depending on the forces between the femoral
head and mortar during the walking cycle. The 3D-FEM could
then be used to calculate the peak pressure, and also the
effective contact area between the femoral head andmortar
by summarizing the total number of active units.
3. Results
3.1. Contact pressures and contact areas
One complete walking cycle was expressed with 32
consecutive time points, which set the first time of heel-on-
the-ground as 1, and the time point that the ipsilateral heel
ended the stepping phase before touching the ground as 32.
In normal walking, the contact pressures and the contact
areas showed bimodal shapes, reached the peaks at the
beginning of single-leg support and the starting phase (3.3
Mpa and 4.2 Mpa, respectively). The corresponding contact
area of the acetabular cartilage at each walking phase was
the peak of von Mises (Figure 3), when the maximum con-
tact pressure occurred (4.2 Mpa), the corresponding con-
tact area reached the maximum (1470 mm2).
3.2. Pressure distributions
The pressure distributions of the femoral head and mortar
were uneven on the acetabular bottom. In the walking
cycle, the overlapped von Mises pressure maps during the
whole lower extremity-support phase (phases 1e19,
namely from the heel touching the ground to the toe
leaving the ground) could help to understand the pressure
distribution features on the acetabular bottom during the
complete support phase. The results showed that themagnitudes in the pelvic reference. The resulting acetabular
nt exhibit the bimodal pattern characteristic of a force plate
nates, however the medially directed and posteriorly directed
l finite analysis of acetabular contact pressure and contact area
.org/10.1016/j.asjsur.2016.07.002
Figure 3 (A) Acetabular contact pressure during full gait cycle; (B) acetabular contact area during full gait cycle.
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(Figure 4A); and in the entire stepping phase (phases
20e32, from stepping began to stepping ended), the over-
lapped von Mises pressures were mainly concentrated in the
inner edge of cartilage (Figure 4B).
Inonecompletewalking cycle, thedistributionof forces on
the femoral head and mortar were not uniform on the
acetabular bottom (Figure 4C). By extracting the effective
contact units of the femoral head and mortar at each walking
phase, a Boolean operation could generate the contacting
features of the acetabular cartilage during the complete
walking cycle. The red areas were the areas always bearing
forces during the complete walking phases (force trans-
duction contacts, 318 mm2), and mainly concentrated in the
inner side of the acetabular top area; the white areas
exhibited normal pressure always as 0 during the whole
acetabularwalking (nopressureconcentration,895mm2); the
blue areas were the intermittent contact areas (1695 mm2);
the surface area of all cartilage (2908 mm2). Figure 4 shows
that the pressure concentration under normal walking was
mainly focused near the acetabular fossa of the acetabular
top, while the anterior and posterior horns of acetabular
cartilage had no pressure concentration.4. Discussion
Acetabular osteoarthritis was a common orthopedic disorder,
and had a serious impact for people on daily life and work.14Figure 4 (A) Distribution of von Mises pressure in the cartilage du
joint force is applied. The lateral roof and medial roof remain larg
small, even zero; (B) between cases 20 and 32 gait cycle evaluation
normal walking. Identification of the areas on the articular cartilag
and acetabulum is either continuous (red), intermittent (blue), or c
is represented by three different sections.
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during normal walking, Asian Journal of Surgery (2016), http://dx.doiAs for adults, acetabular osteoarthritis was one of the main
causesofdisability,15,16 and its incidence rate couldbeashigh
as 10.9%.17 Acetabular osteoarthritis was characterized by
the degeneration of articular cartilage, and the formation of
new bones subchondrally and periarticularly.4,18,19 The
abnormal mechanical mechanism of articular cartilage was
one of themain causes of acetabular osteoarthritis,1e4 and it
was usually caused by pathological changes of articular
cartilage and partial pressure on the acetabular bottom
rather than the loadings on the entire joints.2,3,12,20 Mean-
while, walking is the most common behavior in daily life,
therefore, it would be essential to assess the pressure dis-
tributions and the peak values on the acetabular surface
during normal walking. Understanding the distribution char-
acteristics of normal pressures on the acetabular joint could
help to further understand the mechanical mechanisms of
normal acetabulum and the pathological behaviors of artic-
ular cartilage under abnormal loadings.21 In addition,
assessing themechanics of the acetabular joint under normal
walking could also help to guide the preoperative planning
and postoperative rehabilitation.
Previous scholars have conducted experimental re-
searches on acetabular contact pressures. Greenwald and
O0 Connor22 evaluated the acetabular contact areas using
staining techniques and calculated the distributions of
acetabular contact pressures under certain loading condi-
tions. Rushfeldt et al6 performed prosthesis implantation,
with electronic sensors, and studied the acetabular contact
pressures. Brown and Shaw7 installed piezoresistive sensorsring full stance phase of a gait cycle when only the acetabular
ely on-loaded, while in the white areas, normal pressures are
points; (C) acetabular contact pressure and contact area during
e surface, where pressure transfer between the femoral head
ompletely absent (white) during a full gait cycle. XYZ direction
l finite analysis of acetabular contact pressure and contact area
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sures between the femoral head and the acetabulum
in vitro. Hodge et al10 implanted an artificial femoral head
with electronic sensors and measured the data in vivo
immediately and 1 year after surgery. Based on this, Krebs
et al23 performed researches on acetabular contact pres-
sures in a variety of rehabilitation exercises. Afoke et al24
used the pressure-sensitive film technology, and measured
the pressure distribution of the femoral head in vitro, and
proposed that the peak pressure would evenly increase
towards the acetabular fossa. Rudert et al25 used a new
sensor to measure the dynamic acetabular contact pressure
in human cadavers, which had such advantages as real-time
output and dynamic rather than the conventional static
measurement.
Although the above studies investigated the acetabular
functions, there was no report about the characteristics
of contact area and contact pressure distribution during
the entire normal walking cycle. Furthermore, these ex-
periments were invasive and expensive, and multiple
simulations in one single sample were also impossible.
The acetabular pressure distribution is the key factor
towards the development of joint diseases, so this study
used computer simulation technology to research joint
pressures, which has the benefit of being noninvasive, low
cost and reusable. Pedersen et al13 used prosthetic im-
plants with electronic sensors to study the sizes and di-
rections of pressures on the femoral head and mortar
under normal walking in vivo, and this directly measured
in vivo data provided more accurate loading conditions
for 3D-FEM.
The purpose of this study was to use the existing data
measured in vivo, as well as 3D-FEM, to predict the contact
areas and contact pressure distributions on the femoral
head and mortar under normal walking.
The maximum contact pressure and the maximum con-
tact area both correspondingly appeared at the single-leg
standing phase. At this time point of the walking cycle, the
whole body weight was only supported by one leg, which
was the most common behavior in everyday life, therefore,
it was also a very important function of the acetabulum.
When the maximum contact pressure occurred (4.2 Mpa),
the corresponding contact area also reached the maximum
(1470 mm2; Figure 3).
Under pathological states, such as osteoarthritis,
because of the loss of the contact area and the concen-
tration of the contact pressure, asymmetric cartilage
degeneration would result in greater contact pressure.1 In
our study, the maximum peak pressure at the single-leg
standing phase appeared on the acetabular top. The high
loading in this area suggested difficulties for patients with
cartilage degenerative pain with walking functions. The
contact area of the joint was also the biggest factor that
might affect the contact pressure, and the directions,
sizes, and contact areas of acetabular compression force
would directly influence the distribution of contact pres-
sure. Therefore, the patients with posterointerior fractures
on the acetabular top should avoid standing on one leg
when performing postoperative rehabilitation training.
Avoiding this action would help to minimize the loadings on
the posterointerior acetabular area, and be more condu-
cive to the repair of fractures and cartilage.Please cite this article in press as: Wang G, et al., Three-dimensiona
during normal walking, Asian Journal of Surgery (2016), http://dx.doiThe directions, sizes, and contact areas of the acetab-
ular compression force would directly impact the pressure
distribution on the bottom of acetabular mortar. Hodge
et al10 reported the maximum contact pressure as 4.0 MPa
when walking, consistent with our result (4.2 MPa).
Throughout the whole phase of walking, the loadings on
the articular cartilage at the supporting phase were
significantly higher than those at the stepping phase
(Figures 4B and 4C). The acetabular top always carried
higher contact pressure, with its scope covering the contact
areas of the peak pressures, while the pressures at the
stepping phase were more concentrated on the inner edge
of the acetabular cartilage. Von Eisenhart et al26 reported
that the cartilage with the biggest loadings were the
thickest, and the increase of the contact areas were for
bearing greater physiological loadings, so that the thickness
of articular cartilage was positively correlated with the
joint force. Therefore, it was reasonable to believe that the
most common daily walking behavior would eventually lead
to the optimization of acetabular cartilage anatomy. The
consistency between the thickness and pressure distribu-
tion of the articular cartilage also supported the views of
Oberla¨nder et al27: the thickness of articular cartilage was
associated with long-term loadings. During the entire sup-
porting phase, the sites that always carried the contact
pressures and the sites with the largest pressures were on
the acetabular top. Our results on the thickening of post-
erointerior acetabular cartilage were consistent with those
of Anderson et al.12
However, the clinical practical observation showed that
the subchondral synovial cyst and osteophytes in the pa-
tients with osteoarthritis are usually located peripherally
around the acetabulum. In Figure 4, the lateral roof and
medial roof remain largely on-loaded, while in the white
areas, normal pressures are small, even zero. Because this
study targeted coxarthritis in elderly patients, femo-
roacetabular impact (FAI) was not mentioned. Coxarthritis
is more common in the elderly, and the traditional patho-
genesis emphasized too much heavy axis-directional load
acting on the joints, and the stress accumulation lasted for
at least 10 years; therefore, joint cartilage and other joint
structures degenerated, thus leading to arthritis. However,
middle-aged adults and young people who exercise regu-
larly have also displayed symptoms of coxarthritis, which
could not be explained by conventional mechanisms. Ganz
et al28 found that FAI might be an important cause of this
type of arthritis. The so-called FAI refers to the femur and
acetabular anatomic abnormalities, resulting in abnormal
collisions of the proximal femur and acetabular edge at the
end-stage of hip joint movements, thus leading to the
damages at the acetabular lip and/or corresponding artic-
ular cartilage, as well as coxarthritis ultimately. The main
symptoms of FAI are pain and motion range limitation. If
the collision factors are not relieved, early injuries of
cartilage and acetabular lips will be gradually accumulated
and eventually lead to further accumulation of joint dis-
eases. Clinically, standard anteroposterior pelvic x-ray
would help the diagnosis. When performing the X-ray, the
patient should be placed in the supine position, with lower
limbs internally rotating 15 to maximally expose the
anteverted femoral neck. Usually, the abnormalities
observed include bony projections at the upper edge ofl finite analysis of acetabular contact pressure and contact area
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sion, acetabular lip ossification, or acetabular retrover-
sion.29 In addition, magnetic resonance imaging and
articular cavity Gd imaging could further reveal some more
subtle intra-joint changes, such as acetabular retroversion,
cystic changes at the acetabular edge, periarticular lesions,
partial femoral acetabular abrasion, cartilage tearing, and
myxoid changes of the acetabular lip.30 In this study, the
participants were all healthy middle-aged people without
FAI. Furthermore, the finite element analysis could not
completely imitate the hip joint activities and pressure
contact under normal physiological conditions, but the
comparison of our results with previous bone head-
acetabulum force displayed that our 3D-FEM was very ac-
curate in quantitative analysis, and also very effective in
analyzing the distributions and sizes of the pressure.
Therefore, this method could be used as an effective means
to investigate the interactions between the bone head and
the acetabulum.5. Conclusion
The structures of the human acetabular joint are inherently
complex, so it would be complex to use real and reliable
mathematical models to simulate the mechanical proper-
ties of it during walking. In order to overcome some
calculation defects of recent 3D-FEMs, appropriate simpli-
fications needed to be made during the calculation process
and these had to be considered when analyzing the results.
When performing FEM analysis, the mechanical properties
of bone and cartilage were seen as changing over time
while retaining their continuities, and should be considered
as homogeneous, isotropic, and linear-elastic materials.
This assumption was feasible for analyzing the bones and
cartilage with static loadings.1
The cartilage can tolerate the pressure during normal
walking, because only a few major muscles cross the hip
insert near the femoral head and neck. Finite element so-
lutions of these regions are relatively far from the actual
muscle insertions and will be relatively unaffected by
ignoring all but the two or three major muscles. By
contrast, critical muscle forces are very near the peri-
acetabular region in such models, and ignoring both
magnitude and direction of muscle forces may create
misleading solutions. The current study looked at basic in-
formation from experimental and theoretical studies on the
loads on the pelvis and acetabulum during normal gait.
Meanwhile, the comprehensive effects of the soft tissues
had been taken into account. The comparison of our results
and previous findings showed that our 3D-FEM was very
accurate in quantitative analysis, and very effective in
analyzing the distributions and sizes of the pressures, so
that this method could be used as an effective means to
research the relationships between the femoral head and
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